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We report on NMR studies of the quasi one–dimensional (1D) antiferromagnetic S = 1/2 chain
cuprate LiCuVO4 in magnetic fields H up to µ0H = 30 T (≈ 70 % of the saturation field Hsat).
NMR spectra in fields higher than Hc2 (µ0Hc2 ≈ 7.5 T) and temperatures T < TN can be described
within the model of a spin–modulated phase in which the magnetic moments are aligned parallel
to the applied field H and their values alternate sinusoidally along the magnetic chains. Based
on theoretical concepts about magnetically frustrated 1D chains, the field dependence of the mod-
ulation strength of the magnetic structure is deduced from our experiments. Relaxation time T2
measurements of the 51V nuclei show that T2 depends on the particular position of the probing
51V
nucleus with respect to the magnetic copper moments within the 1D chains: the largest T2 value is
observed for the vanadium nuclei which are very next to the magnetic Cu2+ ion with largest ordered
magnetic moment. This observation is in agreement with the expectation for the spin–modulated
magnetic structure. The (H,T ) magnetic phase diagram of LiCuVO4 is discussed.
PACS numbers: 75.50.Ee, 76.60.-k, 75.10.Jm, 75.10.Pq
I. INTRODUCTION
Magnetic frustration in quantum–spin chains (S =
1/2) with competing nearest neighbor (NN) and next–
nearest neighbor (NNN) exchange interactions yields
nontrivial magnetic order which attract much attention
from the theoretical point of view.1–11 The conventional
magnetic order with non–zero mean value of the magne-
tization at the magnetic ions is forbidden in 1D chains
because of strong spin fluctuations even at zero temper-
ature. In 1D chains with frustrated exchange interac-
tions one–spin correlations decrease exponentially with
the distance from spin to spin. In contrast pair, triple,
and multiple correlations of adjacent spins within a chain
can decrease with power–law behavior. In this case the
phase is named the quasi–long range ordered phase. An
external static magnetic field H or a magnetic anisotropy
in such 1D spin systems can establish true long–range
order with multi–spin tensor order parameter.3,6–8 It is
a compelling task to find this magnetic state with ten-
sor order parameter in real magnetic materials. There
are plausible statements about possible magnetic phases
in frustrated chain magnets: the first statement is that
interchain interaction in real materials can cause true
long–range order instead of quasi long–range order in the
1D case. For instance, quasi long–range ordered in the
case of 1D the so called spin–nematic phase starts to be
long–range ordered in the presence of small ferromagnetic
interchain exchange interaction for the two–dimensional
(2D) case, as it was concluded theoretically in Refs.(9–
11). The second statement is that spin fluctuations can
be strongly depressed by interchain interactions, and con-
ventional magnetic order with non–zero mean value of the
magnetization at the magnetic ions occurs in the particu-
lar magnetic material under investigation. These serious
restrictions give rise to the fact that tensor magnets are
not observed experimentally yet.
The subject of our report is a high–field NMR study
of the frustrated quasi one–dimensional S = 1/2 chain
cuprate LiCuVO4. In this compound, magnetic frus-
tration is due to the intrachain NN ferromagnetic and
the NNN antiferromagnetic exchange. In small magnetic
fields H and temperatures T < TN (with TN ≈ 2.3 K)
an incommensurate planar spiral structure of the mag-
netic Cu2+ moments is realized. The orientation of the
spin plane is defined by the direction and value of the
applied field H and the crystal anisotropy.12 The wave
vector kic of this structure is directed along the chains
and is defined by intrachain exchange parameters JNN
and JNNN(cf. Ref. 13). In higher fields H > Hc2 (with
µ0Hc2 ≈ 7.5 T) the collinear, spin–modulated struc-
ture is realized. In this phase spins are collinear with
the direction of the applied field H and their values
are modulated along the chain.12,14 If the spiral struc-
ture can be described in the semiclassical approach,16
the spin–modulated phase starts to be preferable due
to quantum and thermal fluctuations. The theoretical
analysis of frustrated spin chains with the intrachain ex-
change parameters of LiCuVO4 in the low–field range re-
vealed a long–range ordered spin–chiral phase at T = 0.
2For higher fields the spin–density wave (SDW) phase is
expected,6–8 which is quasi long–range ordered. From the
experimental point of view the low–field magnetic phases
in LiCuVO4 are long–range ordered and are characterized
by magnetic correlations similar to that of 1D theory. In
contrast to the 1D case the spiral and spin–modulated
magnetic structures of LiCuVO4 are pinned, i.e., the val-
ues of the magnetic moments at the Cu2+ ions are non
zero in LiCuVO4, but strongly reduced due to spin fluc-
tuations. Note that a SDW phase is not peculiar only
in 1D frustrated systems. A long–ranged ordered SDW
phase recently was detected theoretically in a 2D spin
system (S = 1/2) with distorted triangular lattice.17,18
By further increase of the applied field H in the 1D
case it is expected that the spin–nematic phase devel-
ops just before the magnetically saturated phase occurs
at the end. In recent experiments the magnetization
curveM(H) of LiCuVO4 exhibited anomalies just before
the saturation field Hsat corresponding to a new mag-
netic phase.19 Probably, this phase is the spin–nematic
phase with zero mean value of the magnetic moments
at the Cu2+ ions. In our previous NMR studies we
applied magnetic fields H up to µ0H = 12 T (Refs.
12,14). From those experiments we were able to conclude
that for H < Hc2 the spiral spin structure is realized.
Here we show that for higher fields Hc2 < H the spin–
modulated magnetic structure is established at least up
to µ0H = 30 T.
In Sec. II we present a short review of the status quo in
LiCuVO4 concerning the crystallographic and magnetic
structures of this compound. Sec. III is devoted to the
description of experimental techniques. There are two
parts of experimental results in Sec. IV: in the first are
presented the NMR spectra obtained at different frequen-
cies and temperatures, and in the second there are de-
scribed relaxation properties of nuclear spins. Using the
values of hyperfine constants for 7Li and 51V obtained ex-
perimentally in high–field experiments we simulated the
NMR spectra for different models of magnetic structures
possibly realized in LiCuVO4. According to the present
theoretical concepts the collinear spin–modulated struc-
ture in LiCuVO4 constitutes a SDW phase which was
predicted for 1D frustrated S = 1/2 systems.6–8 Tak-
ing into account that the strongest exchange interactions
in LiCuVO4 are intrachain interactions we expect that
the wave vector deduced from experiments has the same
field dependence as in the 1D case.2,6 This assumption
enables us to reconstruct the magnetic field dependence
of the spin–modulated structure from our NMR spectra
within the range Hc2 < H < µ0H = 30 T as documented
in section V.
II. CRYSTALLOGRAPHIC AND MAGNETIC
STRUCTURES
LiCuVO4 crystallizes in an inverse spinel structure
AB2O4 with an orthorhombic distortion induced by a
cooperative Jahn–Teller effect of the Cu2+ ions at octa-
hedral sites. The crystal structure belongs to the space
group of symmetry Imma. The elementary cell con-
tains four magnetic ions Cu2+(S = 1/2) with the coor-
dinates (0,0,0), (0,1/2,0), (1/2,0,1/2), and (1/2,1/2,1/2)
(see Fig. 1a). The first two ions lie in the ab–plane
which is marked as I, and the latter two in the ab–
plane II. From elastic neutron–diffraction experiments it
was established20 that in the low–temperature phase for
T < TN and zero applied magnetic field H = 0 an incom-
mensurate planar spiral spin structure forms which has
the propagation wave vector kic directed along the Cu
2+
chains (kic ‖ b) (Fig. 1b). We parametrized the spiral
of this spin structure with magnetic moments µCu of the
Cu2+ ions utilizing the coordinates x, y, and z along the
a,b, and c directions, respectively (Ref. 12):
µ(x, y, z) = µCu · cos(2piz/c) · [l1 · cos(kic · y + φ) + (1)
l2 · sin(kic · y + φ)]
where l1 and l2 are orthogonal unit vectors within the
ab–plane. At zero applied magnetic field H = 0, the
absolute value of the propagation wave vector is kic =
(1−0.532) ·2pi/b and the ordered Cu2+ moment amounts
to µCu = 0.31µB (Refs. 13,20) or µCu = 0.25µB (Ref.
21). The angle φ in Eq. (1) denotes an arbitrary phase
shift. Figure 1b shows a stacking sequence of the above
mentioned ab–planes I and II of this structure projected
along the c –axis. The mutual orientation of spins of
neighboring chains is the following: the nearest spins of
neighboring chains within the same ab–plane are par-
allel, whereas nearest spins of neighboring chains from
adjacent ab–planes (planes I and II in Fig. 1) are an-
tiparallel. The magnetic susceptibility χ of this struc-
ture exhibits an anisotropy with slightly higher values for
magnetic fields applied perpendicular to the spin plane
compared to the values with the magnetic field applied
within the spin plane. This fact explains the spin–flop
transition of reorienting magnetic moments, when an ap-
plied magnetic field µ0Hc1 ≈ 2.5 T is applied within the
ab–plane of the crystal.12 According to our results of
NMR measurements the effective magnetic moment of
the Cu2+ ions within the entire field range of the in-
commensurate planar spiral structure is nearly constant
µCu = 0.3µB (Ref. 12). Recent results of neutron–
scattering experiments22 show that with experimental
accuracy the incommensurate wave vector kic does not
change within this phase as it is displayed in figure 2.
A more interesting and unexpected phase transition is
observed at elevated magnetic fields µ0Hc2 ≈ 7.5 T. The
observation of this magnetic transition for all three di-
rections H ‖ a,b, c reveals an exchange nature of this
transition. The NMR spectra observed at H > Hc2 can
be well explained by the assumption that a collinear spin–
modulated structure is realized.12 The scheme of this
structure is shown in Fig. 1a and can be parametrized
as:
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FIG. 1: (a) Scheme of the Cu2+ moments in the crystal struc-
ture of LiCuVO4. Copper ions are marked by open circles
with arrows at each site which constitute the spin modulated
structure for H > Hc2, H ‖ c, and T < TN. The red arrows
JN, JNN, Ja denote the main exchange integrals (Ref. 13).
Additionally, the positions of Li (orange) and V (green) ions
are exemplarily depicted by one ion each. (b) Projection of
the magnetic structure of two ab–planes for H < Hc2 and
H ‖ c.
µ(x, y, z) = l · [µm + µ1 · cos(kic · y + φI,II)], (2)
where the magnetic moments of Cu2+ ions µ are par-
allel to the applied magnetic field H , i.e., the unit vector
l ‖ H. Moreover, µm is the magnetization of the sam-
ple per single Cu2+ ion and µ1(H) is the modulation
strength of the structure. The angles φI and φII denote
phase shifts within the particular ab–planes indexed I
and II (cf. Fig. 1a), where φII = φI + pi.
Figure 2 summarizes all values of the incommensurate
wave vector kic of the spin modulated structure as a func-
tion of the applied magnetic field H as obtained from
literature. Up to µ0H = 10 T the data are taken from
Refs. 20,22,23. Additionally, the values of kic(H) (solid
squares) obtained for the 1D model as extracted from
magnetization M(H) measurements19 of LiCuVO4 are
plotted. In the frame work of this model the field depen-
dence of kic is expected to be:
2,6
kic(H) = (1−
µm
gµBS
) ·
pi
b
(3)
The experimental values kic(H) are in good agreement
with each other and fit with the 1D model according to
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FIG. 2: Field dependence of the incommensurate wave vec-
tor kic for applied magnetic fields H ‖ c in LiCuVO4. The
open symbols are data from neutron diffraction of different
authors: (⋄, Ref. 20), (, Ref. 22), (△ and ◦, Ref. 23). The
solid squares are values obtained from magnetization mea-
surements (Ref. 19) in the frame work of the 1D model using
Eq. (3).
equation (3). Therefore, for the simulation of our NMR
spectra of LiCuVO4 in this work we use the field depen-
dence of the incommensurate vector defined by Eq. (3)
within the entire magnetic field range under investiga-
tion. As it was elaborated in Ref. 14 the spin–modulated
phase exhibits long–range magnetic order of Cu2+ mo-
ments only within separate ab–planes, whereas the anti-
ferromagnetic order in c–direction is only short–ranged.
III. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
Single crystals of several cubic millimeters were
grown as described in Ref. 24. The single crys-
talline samples studied in the present work satisfy the
following stoichiometry conditions: Li/V=0.96±0.05,
Li/Cu=0.95±0.04, Cu/V=0.99±0.01. Thus the average
composition of the sample is Li0.97CuVO4. The analysis
of the sample quality is discussed in Refs. 19,25. The sin-
gle crystal used in the present work is the identical single
crystal which was studied in our previous low–field NMR
experiments12,14,19 and was denoted in Ref. 25 as sample
from the batch 1.
The NMR experiments were performed with a phase
coherent, homemade spectrometer at radio frequencies
within the range 70 < ν < 340 MHz at the National
High Magnetic Field Laboratory, Tallahassee, USA. We
investigated the 7Li (I=3/2, γ/2pi=16.5466 MHz/T) and
51V (I=7/2, γ/2pi=11.2133 MHz/T) nuclei using spin–
echo techniques with a pulse sequence 3µs–τ–3µs. All
NMR spectra were collected with the pulse separation τ=
15 µs by sweeping the applied magnetic field H within
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FIG. 3: Time dependence of the integral amplitude Mx,y(2τ )
of the spin–echo signal (symbols) for H ‖ c, µ0H = 29.55 T,
ν = 336 MHz at T = 1 K. Solid line: result of fitting with
Eq. (4).
7 < µ0H < 30 T at constant frequencies, and the tem-
peratures were stabilized with a precision better than
0.02 K. Fig. 3 shows the decay of the 51V integral am-
plitude of the spin–echo signal Mx,y on varying τ (the
conventional T2 experiment). The time dependence ex-
hibits an exponential decay superimposed by pronounced
oscillations which can be fitted with:26
Mx,y(2τ) = exp(−
2τ
T2
) · [C0 + C1 cos(2aτ + δ)], (4)
where C0, C1 and δ are dimensionless constants, and the
oscillations frequency a has the value of the quadrupole
frequency for LiCuVO4. The origin of the oscillations
due to the interaction between the nuclear quadrupole
moment and a local electric field gradient was discussed
in reference 27.
IV. EXPERIMENTAL RESULTS
Figures 4a and b show the NMR spectra of the 51V
nuclei obtained in the magnetically ordered phase at
T = 1.7 and 0.38 K below the Neel temperature TN, re-
spectively. The spin–echo spectra exhibit a single line for
small applied magnetic fieldsH < Hc2 and a double–horn
shaped pattern for higher fields. The spectra obtained at
fields less than µ0H < 12 T are in a good agreement with
previous results.14,15 The line shape of the NMR spectra
do not change between 10 < µ0H < 30 T which indi-
cates that the spin–modulated magnetic structure estab-
lished in Refs. 12,14 is robust within this extended field
range. The same consideration accounts for the case of
7Li NMR spectra as the un–split, single–line pattern12,14
for H > Hc2 is maintained up to µ0H = 20 T (see Fig.
5, black squares).
a
b
FIG. 4: 51V NMR spectra at T = 1.7 and 0.38 K for H ‖ c
(upper and lower panel, respectively). Residual signals from
metallic copper within the experimental setup are marked
with arrows.
Small sharp resonance anomalies due to metallic cop-
per and aluminum of the experimental setup are indi-
cated by arrows as artefacts in figures 4 and 6.
In order to trace the field dependence of TN the tem-
perature evolution of the NMR spectra was studied at
elevated magnetic fields µ0H = 22, 26, and 30 T (at
corresponding NMR frequencies 245, 291, and 336 MHz,
respectively). These measurements are given in Fig. 6
and it is observed that the transition from a single line in
the paramagnetic regime to a double–horn pattern deep
in the spin–modulated phase below TN is not very sharp.
The development of the double–horn pattern toward low
temperatures is accompanied by an additional unshifted
spectral line at the same field of the paramagnetic signal,
i.e., the paramagnetic signal survives in the magnetically
long–range ordered phase at least down to temperatures
around 1.7 K. Hindered due to this gradual behavior we
obtain the transition temperature TN by integrating the
area of the spectra pattern. The values of TN for different
fields H , which are plotted in the (H,T ) magnetic phase
diagram (see Fig.11), were obtained with this procedure.
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FIG. 5: 7Li NMR spectrum (black squares) at 1.7 K (T <
TN ) for ν = 336 MHz and H ‖ c. The solid lines represent
simulations of the NMR spectrum: lower curve was computed
in assumption of short–range order in c–direction, and the
upper curve for disorder in c–direction.
The spin–spin relaxation time T2 of
51V depends on
the particular position of the probing nuclei within the
magnetically ordered structure. The field dependence of
T2 for different frequencies is shown in Fig. 7 (left axis).
In the same figure the NMR spectra with their char-
acteristic double–horn shaped pattern are presented as
well. The T2 measurements were performed at T = 1 K
and the spectra were measured at T = 0.38 K. From
Fig. 6 it is clear that the NMR spectra of 51V nuclei
do not change significantly within the temperature range
0.38 < T < 1 K. This allows us to analyze these data
together. T2 monotonically growths toward the borders
of the spectra. It is important to note that the maxima
of T2 occur at applied magnetic field values H which do
not coincide with the particular positions of the low– and
high–field maxima of the double–horn spectra pattern.
V. DISCUSSION AND CONCLUSION
The effective magnetic field at the 7Li or 57V nuclei in
LiCuVO4 is defined by three items Heff = H + Hdip +
Hcont, i.e., the externally applied field H, the dipolar
long–range field from magnetic neighbors Hdip, and the
short–range Fermi–contact field Hcont induced by near-
est neighboring magnetic moments. The 7Li and 51V nu-
clei have four (N= 4) nearest magnetic neighbors, which
are highlighted in Fig. 1a with dotted lines. For 7Li
nuclei the nearest magnetic neighbors are from different
ab–planes (I and II, respectively), whereas for 57V nu-
clei the nearest magnetic neighbors are located within
the same ab–planes (I or II, see Fig. 1a). All cop-
per sites in LiCuVO4 are crystallographically equivalent.
This allows to define the contact fields at the nuclei un-
a
b
c
FIG. 6: Temperature dependence of 51V NMR spectra ob-
tained at ν =245, 291, and 336 MHz (panels a, b, and c) for
H ‖ c. Residual signals from metallic aluminum within the
experimental setup are marked with arrows.
der investigation (both 7Li and 57V) by the magnetic
moments of their four nearest neighboring moments µi
as Hcont = A(µ1 + µ2 + µ3 + µ4), where the hyper-
fine coupling A is a second–rank tensor. Its values Azz
were obtained from the NMR study in the paramagnetic
phase. In the paramagnetic phase each magnetic ion has
the same magnetic moment µi,z = Mz/N , where Mz is
the magnetic moment of the sample measured in an ap-
plied magnetic field H ‖ c, and N is the number of mag-
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FIG. 7: 51V NMR spectra and field dependences of the spin–
spin relaxation time T2 measured at frequencies 164.6 MHz
(a), 210.5 MHz (b), 291 MHz (c), and 336 MHz (d) for H ‖ c
in LiCuVO4 (solid squares). Spectra were measured at T =
0.38 K and T2 values at T = 1 K, respectively. Open circles
correspond to the expected NMR spectra after a so called
T2–correction (see text).
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FIG. 8: 51V and 7Li NMR spectra in the paramagnetic phase
(T = 4 K) for ν = 336 MHz and H ‖ c. The solid lines show
the NMR spectra simulations with hyperfine constants of the
contact interaction given in the text.
netic ions. We took the value of Mz in an applied field
from Ref. 19. The dipolar field Hdip we computed nu-
merically and Hdip is determined in the paramagnetic
phase by only one single parameter, the magnetic mo-
ment of each magnetic ion µi,z = Mz/N . Thus there
is enough information to deduce the values of the hy-
perfine constants Azz = (ν/γ −H −Hdip,z)/(4 ·Mz/N).
The values of the hyperfine constants for 51V and 7Li
in LiCuVO4 are
51Azz = 0.125 ± 0.01 T/µ0µB and
7Azz = −0.035 ± 0.01 T/µ0µB, respectively. The value
of 51Azz obtained in the high–field range is consistent
with the value obtained in the low–field range, whereas
the value of 7Azz in the low–field range was evaluated as
negligible small.12 NMR spectra measured in the param-
agnetic phase at T = 4 K are shown in figure 8. The solid
lines in this figure represent NMR spectra simulations
with the hyperfine constants of the contact interaction
Azz as mentioned above. The line widths of the simulated
spectra were left as free parameters. The knowledge of
the parameters Azz allow to compare the experimentally
obtained NMR spectra with spectra expected theoreti-
cally from different models. The amplitude of the NMR
7spin–echo signal is given by the number of nuclei res-
onating at the particular value of the effective field Heff ,
but also by the spin–spin relaxation time T2. In order to
compensate for the latter effect we multiplied the exper-
imentally collected spectra by the factor exp(2τ/T2)(see
Eq. (4)), where the values of T2 have to be measured as
a function of the applied magnetic field H (solid squares
in Fig. 7, left axis). This is the so called T2–correction
of the spectral intensity. The resulting spectra after T2–
correction are shown in Fig. 7 (right axis) with open cir-
cles. We conclude that the asymmetry of the uncorrected
spectra (solid squares in Fig. 7, right axis) is a result of
the field dependence of T2, whereas the positions of the
characteristic maxima of the double–horn pattern do not
change after the T2–correction.
A closer inspection of the T2–corrected
51V NMR spec-
trum at T = 0.38 K and 245 MHz (µ0H ≈ 21.75 T) is
given in figure 9. Here, experimental data (solid squares)
are compared with three simulations based on three dif-
ferent models of the magnetically ordered structure in
the high–field phase of LiCuVO4 (solid lines a,b, and c
in Fig. 9). The model of the magnetic structure for
’line a’ is based on Eqs. (2) and (3). Here, the model
includes a long–range order of magnetic moments along
the c–direction. The ’line b’ is calculated supposing the
phases φi in Eq. (2) to be shifted by pi for two planes I
and II nearest to the probing Li and V nuclei (see Fig.
1a), whereas the magnetic structure of the other planes,
which are more distant from the probing nuclei, are also
described by Eq. (2) but with random phase φ. This
model of magnetic structure according to ’line b’ we de-
note as a structure with short–range order in c–direction.
The underlying model of ’line c’ emanates from random
phases φ between all ab–planes and the corresponding
magnetic structure is denoted as the magnetic phase with
disorder in c–direction. In the framework of these models
the only fitting parameter was the modulation strength
µ1 of the structure (see Eq. (2)). For the long–range and
short–range ordered magnetic structures (’line a and b’)
the values of µ1 at the field of µ0H ≈ 21.75 T were found
to be equal to 0.8µB. For the magnetic structure with
disorder in c–direction (’line c’) the value of the fitting
parameter µ1 amounts to 0.65µB. These fitting proce-
dures with the three different models mentioned above
were applied to all measured 51V NMR spectra collected
in figure 4.
The field dependence of the modulation strength µ1
is shown in the upper panel of figure 10. The modu-
lation strength abruptly increases just above Hc2 and
weakly decreases towards higher applied magnetic fields
H . The values of the ordered magnetic moments of the
Cu2+ ions change along the chains in the range between
the extremal values µm ± µ1 which are plotted in the
lower panel of figure 10. The largest value of the mag-
netic moment aligned along the applied magnetic field
µm + µ1 asymptotically yields the highest possible value
gSµB at highest magnetic fields H (cf. lower panel of
Fig. 10). Additionally, it is important to note that the
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FIG. 9: 51V NMR spectrum in the high–field phase for T =
0.38 K ≪ TN, ν = 245 MHz, and H ‖ c (solid squares). The
solid lines show simulations of the NMR spectrum utilizing
the model of the spin–modulated phase (see Eq. (2)) with
long–range order (’line a’), short–range order (’line b’), and
disorder (’line c’) in c–direction, respectively.
obtained values of µ1 in case of long–range order and
short–range order (i.e., model calculations ’line a’ and
’line b’ in Fig. 9, respectively) are almost the same. The
third simulated magnetic structure modeled with disor-
der in c–direction (cf. ’line c’) yields values of µ1 which
are around 20% smaller than the former ones. As the
effective field at the probing 51V nuclei is predominantly
given by Fermi–contact fields Hcont of Cu
2+ ions from
the nearest ab–plane a weak sensitivity of µ1 to the three
different models of the magnetic structure is expected.
In contrast to the case of 51V NMR, the NMR spectra
of 7Li are very susceptible to the magnetic order in c–
direction. Here, the probing lithium nuclei are situated
between adjacent planes I and II as shown in Fig. 1a,
and the effective field predominantly depends on mutual
orientations of spins from these neighboring planes. Sim-
ulating the case of long–range magnetic order using Eq.
(2) straightforwardly accounts for the single 7Li NMR
spectral line determined by the applied field H and the
magnetization µm per Cu
2+ ion of the sample. Corre-
sponding simulations of this single 7Li NMR spectral line
for magnetic structures with short–range order and with
disorder in c–direction, respectively, are shown in Fig. 5.
Modeling the magnetic structure with short–range order
in c–direction describes the observed NMR spectrum of
7Li nuclei at the best. Note that in our previous low–field
study14 of the spin–modulated phase we preferred the
magnetic structure with disorder in c–direction. How-
ever, at that time our choice was strongly based on the
assumption of negligible Fermi–contact fields at the 7Li
nuclei. Our new high–field spectra document a signif-
icant contribution of Fermi–contact fields acting on the
lithium sites which allows us to rule out our earlier model
given in Ref. 14. Hence, the field dependences of µ1(H)
8FIG. 10: Upper panel: field dependence of the magnetization
µm and modulation strength µ1 of the spin–modulated phase
(see Eq. (2)). The data µm(H) (triangles) are taken from Ref.
19. The values µ1(H) (circles and squares) are obtained from
fitting NMR spectra. Lower panel: field dependence of the
extremal values of magnetic moments in the spin–modulated
structure as µm ± µ1. For both panels solid symbols denote
the fitting results modeling long– and short–range order in
c–direction. The open circles and squares denote the fitting
results modeling a disorder in c–direction. Squares and circles
symbols distinguish different temperatures of 1.7 and 0.38 K
for H ‖ c.
and µm ± µ1(H) (see Fig. 10, solid symbols) obtained
from our NMR spectra simulation within the model of
short–range ordering along the c–direction are more re-
alistic.
Our measurements of the spin–spin relaxation time T2
at four different NMR frequencies ω/2pi = 165, 211, 291,
and 336 MHz, accordingly four different applied mag-
netic fields, reveal two main results. Firstly, in the mid-
dle range of the field swept 51V NMR spectra the value
of T2 is significantly shorter than the values of T2 at the
maximas fields of the double–horn shaped spectra pat-
tern. Secondly, the relaxation times T2 at the low–field
maxima of the NMR spectra pattern are systematically
longer than T2 measured at the high–field maxima of the
spectra. This effect is more pronounced for elevated fre-
quencies ω/2pi. These two results are qualitatively ex-
plained in the framework of the spin–modulated mag-
netic structure if we assume that the spin–spin relax-
ation time at the 51V nuclei is defined by fluctuations of
the perpendicular components of the magnetic moments
of nearest Cu2+ ions. The slowest fluctuations we ex-
pect at the copper ions with the largest module of its
component of magnetic moments aligned parallel to the
applied static field H , i.e., in the vicinity of the maxima
of the double–horn NMR spectra pattern. The parallel
components of the magnetic moments reach the extremal
values µm±µ1, where the + sign belongs to the low–field
maximum and the − sign to the high–field maximum of
the double–horn, respectively. The fastest fluctuations of
the perpendicular components of the magnetic moments
of nearest Cu2+ ions are expected for copper ions with
zero magnetic component along the applied static fieldH .
The NMR signal from vanadium nuclei near the copper
ions with zero magnetic moment is observed at applied
fields H in the middle range of the double-horn pattern.
Summarizing our high-field NMR experiments we
present an extension of the current (H,T ) magnetic
phase diagram12,19,20,28,29 of LiCuVO4 in Fig. 11 for
H ‖ c. This phase diagram of LiCuVO4 contains at least
four phases: the planar spiral phase (I), the collinear
spin–modulated phase (II), possibly the spin–nematic
phase (III), and the polarized paramagnetic phase (IV).
The sequence of field dependent phase transitions at tem-
peratures T ≪ TN is in qualitative agreement with re-
sults of recent theoretical models for the 1D case (cf.
Ref. 30). As far as we know the complete (H,T ) mag-
netic phase diagram is theoretically not established up
to now, even for the 1D case with frustrated intrachain
exchange interactions characteristic for LiCuVO4.
In conclusion, we report on NMR studies of the
quasi one–dimensional (1D) antiferromagnetic S = 1/2
chain cuprate LiCuVO4 in high–magnetic fields H which
amounts up to ≈ 70 % of the saturation field Hsat. NMR
spectra within the field range 7.5 < µ0H < 30 T for tem-
peratures T < TN can be described within the model of
a spin–modulated phase in which the magnetic moments
are aligned parallel to the applied field H and their val-
ues alternate sinusoidally along the magnetic chains. The
measurements of the spin–spin relaxation time T2 at the
vanadium sites reveal that T2 depends on the particu-
lar position of the probing 51V nucleus with respect to
the magnetic copper moments within the 1D chains: the
largest T2 value is observed for the vanadium nuclei which
are very next to the magnetic Cu2+ ion with largest or-
dered magnetic moment. This observation was found in
agreement with the expectation for the spin–modulated
magnetic structure in LiCuVO4.
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